The daily intake of flavonoids, widespread in the plant kingdom, is believed to play a preventive role in the development of certain diseases associated with free radical-induced damage in the body. [1] [2] [3] The high sensitivity of flavonoids to react with free radicals makes them pharmacological effective. Flavonoids and their ability to inactivate superoxide anion radicals (O 2 · Ϫ ) have been studied for about a decade. [4] [5] [6] [7] [8] Flavonoids are most likely to react with O 2 · Ϫ via one electron transfer, in which the former are converted to aroxyl radicals in the B-ring and the latter to hydroxyl peroxide. [9] [10] [11] It is assumed that the O 2 · Ϫ scavenging activity of flavonoids is associated with their ability to form stable aroxyl radicals.
The daily intake of flavonoids, widespread in the plant kingdom, is believed to play a preventive role in the development of certain diseases associated with free radical-induced damage in the body. [1] [2] [3] The high sensitivity of flavonoids to react with free radicals makes them pharmacological effective. Flavonoids and their ability to inactivate superoxide anion radicals (O 2 · Ϫ ) have been studied for about a decade. [4] [5] [6] [7] [8] Flavonoids are most likely to react with O 2 · Ϫ via one electron transfer, in which the former are converted to aroxyl radicals in the B-ring and the latter to hydroxyl peroxide. [9] [10] [11] It is assumed that the O 2 · Ϫ scavenging activity of flavonoids is associated with their ability to form stable aroxyl radicals. 12, 13) The combination of the 3Ј,4Ј-dihydroxyl substitution (catechol moiety) in the B-ring with a double bond at C2-3 and C4-carbonyl moiety is considered to be an essential structural requirement for flavonoidal aroxyl radical stabilization. [12] [13] [14] Thus, the most common flavonoid, quercetin, is generally regarded as having the most favorable structure for effective O 2 · Ϫ scavenging potency. However, there is little systematic work reported on the structure-activity relationships governing the O 2 · Ϫ scavenging activity of flavonoids. There are also inconsistencies regarding the relative O 2 · Ϫ scavenging activity of flavonoids in previous reports. [4] [5] [6] [7] [8] We have demonstrated that pyrogallol moiety is an important component of flavonoids, making them efficient O 2 · Ϫ radical scavengers. The high O 2 · Ϫ scavenging activity of flavonoids is likely to reflect their high susceptibility to oxidation. [9] [10] [11] [12] [13] Thus, the electrochemical oxidizability of flavonoids has been used as a model for O 2 · Ϫ scavenging ability. There are several reports suggesting that flavonoids with low redox potential, (i.e. high electrochemical oxidizability), are good O 2 · Ϫ scavengers. 11, 13, [15] [16] [17] We measured the oxidation of flavonoids by their ability to reduce Cu 2ϩ ion, in addition to their electrochemical redox potential. The ability of flavonoids and aromatics which are flavonoidal components to scavenge O 2 · Ϫ radicals was more in accord with their Cu 2ϩ -reducing ability than their redox potential.
MATERIALS AND METHODS

Materials
The chemical reagents used were obtained from the following companies: flavonoids from Funakoshi Co. (Tokyo, Japan); gallic acid, gallic acid n-propyl ester, pyrogallol, pyrogallol 1-monomethyl ether and catechol from Tokyo Kasei Co. (Tokyo, Japan); NADH, HEPES, nitro blue tetrazolium chloride (NBT), phenazine methosulfate (PMS), dimethyl sulfoxide (DMSO), CuSO 4 · 5H 2 O, cuproine, hydroxylamine hydrochloride, isoamyl alcohol and xanthinoxidase from Wako Pure Chemical Ind. (Osaka, Japan). All chemicals used were of the highest quality available.
Superoxide Radical Scavenging Activity (SRSA) For the enzymatic system, 10-25 ml of antioxidant DMSO solution was added to 2.5 ml of 20 mM HEPES buffer at pH 7.2 containing 400 mM xanthin and 100 mM NBT in a 4.5 ml glass cubic cell. To the mixture, 20 ml of 5.0 u/ml xanthinoxidase was added to initiate the generation of O 2 · Ϫ . The mixture was incubated at 25°C for 5 min and read at 560 nm against blank samples which did not contain the enzyme. The formation of formazan in the absence of antioxidants was time dependent up to 5 min. The DMSO did not interfere with the assay system up to a final concentration of 5%. For the non-enzymatic system, 10-25 ml of antioxidant DMSO solution was added to 2.5 ml of 20 mM HEPES buffer, pH 7.2 containing 10 mM PMS and 100 mM NBT in a 4.5 ml glass cubic cell. The absorbance of the mixture at 560 nm was used as a blank. To the mixture, 50 ml of 2.5 mM NADH solution was added to initiate the generation of O 2 · Ϫ . The mixture was allowed to stand for 3 min and read at 560 nm. The formation of form-azan was completed 1 min after the addition of NADH.
The 25 percent inhibition concentration (IC 25 ) values of the antioxidants in both assays were determined by measuring the inhibition at several antioxidant concentrations, and calculated from the concentration-inhibition curves. Each line was determined using 3 antioxidant concentrations.
Oxidation Potentials One milliliter of 10 mM antioxidant DMSO solution was added to 9 ml of 50 mM phosphate buffer at pH 7.2 containing 200 mM Na 2 SO 4 which was purged with oxygen-free nitrogen for 10 min beforehand. Cyclic voltammetry was performed by the 3-electrode system, which consists of a glassy carbon working electrode, a platinum counter electrode and a saturated calomel reference electrode (SCE). Voltammograms were obtained by scanning from Ϫ0.3 to 0.6 V at a scanning speed of 100 mV/s and current range of 50 mA/V on a Yanako polarographic analyzer p-1100 (Kyoto, Japan). The glassy carbon electrode was polished before each experiment. The oxidation potentials were determined as anodic peak potentials in the region from Ϫ0.1 to 0.7 V versus SCE. Cu 2؉ Ion Reduction Activity Cu 2ϩ ion reduction by antioxidants was evaluated by colorimetric determination of Cu ϩ ion chelated with cuproine by the method of Hoste et al. 18) Ten-25 ml of antioxidant DMSO solution was added to 1.0 ml of 20 mM HEPES buffer at pH 7.2 containing 100 mM CuSO 4 and 50 mg bovine serum albumin. The mixture was allowed to stand for 5 min at 25°C and read at 545 nm as a blank. To the mixture, 0.5 ml H 2 O, 0.5 ml of 10% potassium sodium tartrate and 2.0 ml of isoamyl alcohol containing 0.02% cuproine were added. For total Cu ϩ ion concentration, 0.5 ml of 10% hydroxylamine hydrochloride was used instead of 0.5 ml H 2 O. The mixture was then shaken and centrifuged to separate the organic layer. The absorbance at 545 nm of the cuproine-Cu ϩ complex in the isoamyl alcohol was read. The 25 percentage Cu Where C HA ϭconcentration of Cu ϩ ion, reduced by hydroxylamine hydrochloride, and C AO ϭconcentration of Cu ϩ ion, reduced by antioxidant. The RC 25 value was determined by calculating the antioxidant concentration at which a 25% reduction was obtained by interpolation on a straight line, drawn from at least 2 concentrations. The mean RC 25 values were determined from 3 to 5 experiments.
RESULTS AND DISCUSSION
The ability of 16 flavonoids and 5 aromatics which are flavonoidal components to scavenge O 2 · Ϫ generated enzymatically in a xanthin-xanthinoxidase system and non-enzymatically in a PMS-NADH system were measured by the inhibition of O 2 · Ϫ mediated NBT reduction. To reduce the xanthin oxidase-inhibitory effects of flavonoids on SRSA, the value of IC 25 was used to estimate SRSA, 4, [6] [7] [8] and the results are shown in Table 1 . There was little difference in the order of effectiveness of the antioxidants between the enzymatic and non-enzymatic assays, while the IC 25 values in the latter system were much larger than those in the former system. The lower SRSA of the antioxidants in the non-enzymatical system might be explained by the instantaneous generation of O 2 · Ϫ by chemical reaction of NADH with PMS, in contrast to the gradual generation of O 2 · Ϫ in the enzymatic system. The SRSA of some of these compounds have already been studied. [4] [5] [6] [7] [8] However, there are some inconsistencies in the data for several compounds previously studied. Our results show that free 3Ј,4Ј-dihydroxyl substitution in the B-ring is the minimum structural requirement for flavonols to effectively scavenge O 2 · Ϫ . Morin and kaempferol with C2Ј,4Ј-dihydroxyl and only one C4Ј-hydroxyl substitution, respectively, in the B-ring had little or no SRSA. Isorhamnetin in which the C3Ј hydroxyl of quercetin is methylated had weak SRSA, whereas rhamnetin, C7 methylated quercetin, was as efficient as quercetin. In the O 2 · Ϫ scavenging reaction, flavonoids transfer one electron to O 2 · Ϫ by forming stable aroxyl radicals as shown in equation (1).
Bors et al. 12) proposed that the catechol moiety in the Bring confers a higher stability to flavonoidal aroxyl radicals. They also described that the stabilization of catechol aroxyl radicals is potentiated by the conjugation of the B-ring with the C-ring, which allows extensive electron delocalization of the impaired electron from the catechol radicals in the B-ring into the C-ring. Therefore, the lack of any advantageous group for conjugation between the B-and C-rings is thought to decrease the SRSA of flavonoids. In this study, compared to quercetin, a considerable decrease in the SRSA was observed in luteolin, taxifolin and epicatechin, which also possess the catechol moiety in the B-ring, but are devoid of the C3 hydroxyl, the C2-3 double bond, and both the C2-3 double bond and the C-4 carbonyl group, respectively. In conclusion, a catechol moiety in the B-ring is likely to be insufficient to render high SRSA in flavonoids unless the B-ring is conjugated with the C-ring for electron delocalization.
We demonstrated the ability of a pyrogallol moiety over a catechol moiety in the flavonoidal nucleus to display high SRSA. Pyrogallol, gallic acid and gallic acid propyl ester achieved between 5 and 9 times higher SRSA than catechol. Pyrogallol 1-monomethyl ether was as inefficient as catechol. Myricetin and epigallocatechin, which possess a C3Ј,4Ј,5Ј-trihydroxyl substitution instead of C3Ј,4Ј-dihydroxyl substitution in the B-ring, had about 8-9 and 6 times higher SRSA than their counterparts, quercetin and epicatechin, respectively. The strong SRSA of a pyrogallol moiety also seems likely to function in any flavonoidal nucleus. Baicalein, which possesses a C5,6,7-trihydroxyl substitution on the A-ring, was relatively effective despite the lack of hydroxyl substitution in the B-ring. Epicatechin gallate and epigallocatechin gallate, in which a gallic acid is linked to the flavan 3-ol at the C3 position had about 9-28 and 2 times higher SRSA than their non-galloyl counterparts, epicatechin and epigallocatechin, respectively. The effectiveness of gallate esters of catechins to scavenge O 2 · Ϫ , 11) lipid peroxyl radicals [19] [20] [21] [22] or strongly oxidizing radicals 23) is also supported by other studies.
The data in Table 1 also show the oxidation potential of the flavonoids and aromatics measured in aqueous buffer at pH 7.2 by cyclic voltammetry studies with a glassy carbon electrode. The redox potential of the flavonoids was also affected by 2 structural features, 1) the number and pattern of hydroxyl substitution in the B-ring and 2) the presence of structural groups required for extended conjugation between the B-and C-rings. Myricetin had the lowest oxidation potential of 0.02 V, followed by catechol-containing flavonols, such as quercetin, fisetin and rhamnetin, with their oxidation potential values in the range from 0.11 to 0.13 V. The weak O 2 · Ϫ scavenging flavonols such as morin, isorhamnetin and kaempferol had oxidation potentials of 0.20, 0.16 and 0.17, respectively. Both luteolin and taxifolin had a higher oxidation potential of 0.24 V compared to the weak O 2 · Ϫ scavenging flavonols. The redox potentials of flavonoids have also been reported in several studies. 11, 13, [15] [16] [17] Our relative values of oxidation potential of the flavonoids are in agreement with the data in these studies. The high reactivity of flavonoids with O 2 · Ϫ is likely to be dependent on their high susceptibility to rapid oxidation. The lower redox potential implies easier electrochemical oxidation. Thus, the high SRSA of the flavonoids is thought to be related to their low redox potentials. 11) We also obtained a qualitative correlation of the high SRSA with the low oxidation potential for some flavonoids. However, the above rule did not apply particularly in the catechins and aromatics examined. Pyrogallol, gallic acid and gallic acid propyl ester had oxidation potentials of 0.22, 0.32 and 0.17 V, respectively, which are higher than expected from their effective SRSA. Pyrogallol 1-monomethyl ether and catechol showed the same oxidation potential as pyrogallol despite the much weaker SRSA of the former. Furthermore, epicatechin gallate and epigallocatechin gallate showed identical oxidation potential of 0.20 and 0.08 V with their nongalloylated counterparts, epicatechin and epigallocatechin, respectively. The identical oxidation potential of epigallocatechin and its gallate ester, despite the difference in their antioxidation activity, has also been reported previously.
11) Hendrickson et al. 16) have reported that the primary sites for electrochemical oxidation of the flavonoids are the hydroxyl substituents in the B-ring. Therefore, it seems likely that the introduction of a pyrogallol moiety into the C3 position of flavan-3-ol does not affect the oxidation potential of hydroxyls in the B-ring, whereas it renders their SRSA more effective. As a consequence, the correlation of the IC 25 values of the flavonoids and flavonoidal components with their oxidation potential values was poor [rϭ0.405 for the enzymatic system and rϭ0.392 for the non-enzymatic system (Fig. 2) , respectively].
The second approach to evaluate the oxidizability of flavonoids was performed on the basis of their ability to reduce Cu 2ϩ ion. It is well known that flavonoids are able to reduce metal ions such as Fe 3ϩ and Cu 2ϩ . 17, [24] [25] [26] [27] However, little has established regarding their metal-reducing capabilities. The use of Fe ion in the metal-reducing experiment was limited by the precipitate-formation of flavonoid-Fe ion complexes in the reaction solution. In Table 1 , the values of RC 25 of the antioxidants are displayed. There were appreciable differences in their RC 25 -reducing activity than catechol-con- taining flavonols such as quercetin, fisetin and rhamnetin, and greater than 7 times more than the other flavonols, such as morin, isorhamnetin and kaempferol. Luteolin and taxifolin had very low activity, although they had moderately active SRSA. The reason for this inconsistency is unexplained. Pyrogallol, gallic acid and its propyl ester exhibited a high Cu 2ϩ -reducing ability, equivalent to their high SRSA. Other esters of gallic acid including methyl, ethyl and butyl esters -reducing ability of a pyrogallol moiety over catechol moiety was evident among catechins. Epigallocatechin was about 6 times more effective than epicatechin. In addition, the Cu 2ϩ -reducing activity of the galloyl esters of catechin, epicatechin gallate and epigallocatechin gallate, were 3 and 9 times higher than the corresponding non-galloylated catechins, respectively. Thus, there was a good correlation between the SRSA and Cu 2ϩ -reducing activity for the flavonoids and aromatics, rϭ0.843 (pϽ0.01) for the enzymatic system and rϭ0.581 (pϽ0.05) for the non-enzymatic system (Fig. 3) , respectively. Thus, the metal-reducing ability of the flavonoids is a better measure of their SRSA than their redox potential. Our results also suggest that catechins are favored flavonoids for SRSA due to the presence of a pyrogallol moiety in their molecules. 
